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A transmissão inibitória desempenha um papel importante na regulação e 
estabilização da actividade neuronal e é essencial para diversas funções cerebrais como 
a cognição, percepção, movimento e emoção. As sinapses inibitórias, GABAérgica e 
glicinérgica, e a sua distribuição, apresentam diferenças no sistema nervoso central dos 
mamíferos (CNS). A maioria das sinapses inibitórias no cérebro são GABAérgicas, e as 
glicinérgicas, predominantes na espinal medula e tronco cerebral, tem sido bastante 
negligenciadas no cérebro. 
A glicina exerce a sua função através do receptor ionotrópico da glicina (GlyR), 
um canal pentamérico composto por dois tipos de subunidades (α e β) permeável a iões 
cloreto e localizado na membrana do terminal pós-sináptico. Os transportadores da 





presentes na membrana dos terminais pré-sinápticos glicinérgicos, assegurando a 
remoção da glicina da fenda sináptica e permitindo a inserção do neurotransmissor em 
vesículas sinápticas. 
O presente estudo tem como principal objectivo investigar quais os principais 
intervenientes na aquisição do fenótipo glicinérgico. 
Para isso, efectuou-se uma abordagem farmacológica, em culturas primárias de 
neurónios, com o propósito de avaliar o fenótipo glicinérgico mediante o 
comprometimento da transmissão GABAérgica. Os resultados obtidos por western blot 
e por PCR quantitativo (qPCR) revelaram que a expressão de GlyR e de GlyT2 
aumentava significativamente, após tratamento das células com antagonistas do receptor 
ionotrópico de GABA GABAA (GABAAR) ou do transportador de GABA GAT-1, 
gabazina e SKF89976a, respectivamente. Em sinaptossomas obtidos de cérebro, a dupla 
detecção por imunofluorescência, de GlyT2 (marcador de neurónios glicinérgicos) e 
GAD (marcador de neurónios GABAérgicos) revelou igualmente que, na presença de 
SKF89976a, a razão entre terminais GABAérgicos e glicinérgicos se apresentava 
alterada. O comprometimento do sistema GABAérgico resultou no aumento de 
terminais glicinérgicos puros e mistos, com a consequente diminuição de terminais 
GABAérgicos. Neste trabalho, a interacção entre o transportador vesicular de 





Os resultados obtidos nesta tese evidenciam, pela primeira vez, que o 
comprometimento da neurotransmissão GABAérgica induz um aumento dos 
marcadores da transmissão mediada pela glicina, nomeadamente GlyR e GlyT2, 





























The inhibitory transmission plays an important role in the regulation and 
stabilization of brain network activity and is essential for a number of brain functions 
such as cognition, perception, movement and emotion. GABAergic and glycinergic 
inhibitory synapses, and their distribution, are very different in the mammalian central 
nervous system (CNS). Most inhibitory synapses in the brain are GABAergic, and 
glycinergic ones, predominant in the most caudal regions of the CNS, have been largely 
disregarded in the brain. 
Glycine exerts its action through glycine receptors (GlyR), which belong to the 
superfamily of ligand-gated ion channels, are localized in the postsynaptic membrane 
and form pentameric channels composed of two different subunits (α and β) permeable 





dependent transporter proteins. They are located in the membrane of glycinergic 
neurons and are responsible for terminating glycine-mediated neurotransmission by 
uptaking glycine into glycinergic nerve terminals, allowing for neurotransmitter 
reloading of synaptic vesicles.  
The present study aims to investigate which are the principal mediators for the 
acquisition of a glycinergic phenotype. 
A pharmacological approach, in primary neuronal cultures, was pursued in order to 
evaluate the glycinergic phenotype upon a GABAergic transmission impairment. 
Western blot analysis and quantitative real-time PCR (qPCR) revealed that GlyR and 
GlyT2 expression increased significantly after treating the cultures with blockers for 
either GABAA receptor or GABA transporter GAT-1, gabazine and SKF89976a, 
respectively. In brain synaptosomes, double immunofluorescence of GlyT2 (marker of 
glycinergic neurons) and GAD (marker of GABAergic neurons) also revealed that, in 
the presence of SKF89976a, the ratio of GABAergic vs glycinergic terminals changed. 
GABAergic impairment caused an increase in mixed (GABA and glycine-containing) 
and pure glycinergic terminals, with a concomitant decrease in GABA-containing 
boutons. Furthermore, a physical interaction was assessed between Vesicular Inhibitory 
Amino Acid Transporter (VIAAT) and GlyT2 by immunoprecipitation assays. 
These results obtained in this thesis have elucidated, for the first time, that 




mediated transmission components, namely GlyR and GlyT2, and suggest a 
compensatory mechanism between the two inhibitory systems in the brain. 
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1.1. CENTRAL NERVOUS SYSTEM 
The Central Nervous System (CNS) is composed of the brain and spinal cord. 
The brain is constituted by a large number of different types of neurons, as well as 
several types of non neuronal cells, such as astrocytes, oligodendrocytes and microglia, 
which communicate and form complex circuits. This communication is highly relevant 
for the correct functions of the brain.  
The neuron is an electrically excitable cell that processes and transmits 
information by electrical and chemical signaling. This process is also known as synapse. 
In the case of chemical synapses, a presynaptic neuron releases, by exocytose, signaling 
chemical molecules – the neurotransmitters. These neurotransmitters interact with 
specific receptor proteins located at the surface of postsynaptic neurons and hence 
induce cellular responses (Kandel et al., 2000). The neurotransmitters can be classified 
into two groups, excitatory and inhibitory, depending on the nature of effects elicited in 
the target cells. 
The inhibitory neurotransmission in the CNS is mediated by GABA (γ-
aminobutyric acid) and by glycine. GABA is established as the most important 
inhibitory neurotransmitter in the brain (Bowery and Smart, 2006), while glycine acts 
predominantly in the spinal cord and brain stem (Kirch, 2006).  
In contrast, the main excitatory transmission system is mediated by glutamate 





1.2. INHIBITORY TRANSMISSION 
1.2.1. The GABAergic System 
1.2.1.1. GABA  
The amino acid GABA has long been considered to be the main inhibitory 
neurotransmitter in the adult mammalian CNS. GABA was first identified in the 
mammalian brain during the 1950s (Roberts and Frankel, 1950). It regulates the 
neuron’s ability to fire action potentials either through hyperpolarization of the 
membrane potential or through shunting of excitatory inputs. Recent studies have 




shown that GABA shifts its action through development. In immature neurons, due to a 







 co-transporter (NKCC1), GABA action upon ionotropic GABAA 
receptor causes depolarization and often excitatory actions, while in mature neurons 




 co-transporter (KCC2), 
GABA action leads to hyperpolarization and inhibitory actions (Figure 1) (Cherubini et 










Figure 1. During brain development, the role of GABA switches from excitatory to inhibitory 
neurotransmitter. (a) In immature neurons, an inwardly directed Na+–K+–Cl- co-transporter (NKCC1) acts to 
maintain relatively high intracellular chloride concentrations. (b) In mature neurons, intracellular chloride 
concentration is decreased by the expression of an outwardly directed K+–Cl- co-transporter (KCC2), thereby 
diminishing the driving force for chloride flux in response to GABAA receptor activation. Adapted from Owens and 
Kriegstein, 2002. 
 
GABA also acts as a trophic factor during nervous system development to 
influence events such as proliferation, migration, differentiation, synapse maturation 
and cell death. GABA mediates these processes by the activation of ionotropic GABAA 
receptors or metabotropic GABAB receptors, localized in synaptic and extrasynaptic 
places (Owens and Kriegstein, 2002). 
Its biosynthesis in neurons mainly involves decarboxylation of glutamate (Figure 
2) yielding GABA and CO2 via the enzyme glutamate decarboxylase (GAD) (EC 




















Figure 2. The GABAergic synapse. GABA is synthesized from glutamate by glutamic acid decarboxylase (GAD) 
and stored in vesicles located in the presynaptic terminal. It is then released into the synaptic cleft and interacts with 
postsynaptic GABAA receptors opposed to GABA releasing sites. The GABAA receptor is linked to the postsynaptic 
membrane by anchoring proteins, such as gephyrin. GABA is removed from the synaptic cleft by specific 
transporters, GABA transporters (GATs), located on nerve endings and adjacent glial cell membranes. In glial cells, 
GABA is again converted into glutamate by GABA transaminase (GABA-T) and glutamate can be further 
metabolized to glutamine, which is more easily taken up by neurons via amino acid transporters and again reused for 
GABA synthesis.  Metabotropic GABAB  receptors, located on GABAergic nerve terminals, suppress the release of 
GABA, by inhibiting Ca2+ influx. Adapted from Owens and Kriegstein, 2002. 
 
The glutamate can be obtained by neurons from two different sources, namely 
from glutamine derived from tricarboxilic acid (TCA) cycle in glial cells and from 
glutamine present in nerve terminals. There are two isoforms of GAD, GAD65 and 
GAD67. GAD67 is found ubiquitously in GABAergic neurons, whereas GAD65 is 
preferentially located in the GABAergic nerve endings and is thus considered a marker 
of GABAergic terminals. Based on these findings it has been suggested that GAD65 is 




1.2.1.2. GABAergic Synapse 
Like most neurotransmitters, GABA is packaged into presynaptic vesicles by a 
vesicular GABA transporter (VGAT) (McIntire et al., 1997), also known as vesicular 
inhibitory amino acid transporter (VIAAT) (57kDa), since is also implicated in glycine 
vesicular uptake (Sagné et al., 1997). Thus, VIAAT is a transporter located in the 




membranes of presynaptic vesicles (Sagné et al., 1997) and is composed of 12 











Figure 3. Schematic representation of GABA and glycine uptake from the extracellular space to the cytosol 
and from the cytosol into synaptic vesicules. (A) Vesicular transporter for GABA and glycine (VIAAT), with its 12 
transmembrane spanning regions. (B) Membrane-specific neuronal transporters uptake, GABA or glycine from the 
extracellular space to the cytosol, where VIAAT ensures the exchange of luminal protons for cytosolic GABA or 
glycine, thus loading the vesicles. Adapted from Legendre, 2001. 
 
 
The concentration of neurotransmitter transported into the vesicles is dependent 
of a vesicular-H
+
-ATPase (V-ATPase). Using the energy generated by the hydrolysis of 
cytoplasmatic ATP (adenosine-5’-triphosphate), the V-ATPase creates a pH, or 
chemiosmotic, gradient by promoting the influx of protons into the vesicle (Dumoulin et 
al., 1999; Kandel et al., 2000). This mechanism allows the exchange luminal protons for 
cytosolic GABA or glycine, loading the vesicles. This transporter is therefore present in 
GABAergic, glycinergic and mixed (GABAergic/glycinergic) neurons and can be used 
as a marker of inhibitory presynaptic endings (Dumoulin et al., 1999). The role of 
VIAAT in the release of both GABA and glycine is supported by electrophysiological 
evidence from VIAAT deficient mice (Wojcik et al., 2006) and measurements of 
quantal release of glycine and GABA from VIAAT-transfected secretory cells, using a 
double-sniffer patch-clamp technique (Aubrey et al., 2007). 
 Furthermore, the complex formed by VIAAT and GAD65 appears to be 
necessary for efficient GABA synthesis and packaging into synaptic vesicles (Jin et al., 
2003). 
Upon stimulation, GABA is released from nerve terminals by calcium-




across the synaptic cleft and interacts with its appropriate receptors on the postsynaptic 
membrane. 
The inhibitory neurotransmitter GABA activates two different types of receptors: 
ionotropic receptors, GABAA and GABAC receptors (GABAARs and GABAcRs, 
respectively), and metabotropic receptors, GABAB receptors (GABABRs) (Figure 4). 
The first ones mediate fast inhibitory responses, while the latter one mediates slow 
inhibitory responses (Owens and Kriegstein, 2002).  
GABAARs is a member of a superfamily to which nicotinic acetylcholine, 
glycine and 5- hydroxytryptamine (5-HT3) receptors also belong (Bowery and Smart, 
2006). They are pentameric channels and consist of several subunits (e.g. α, β, γ, δ, ε, θ, 
π and ρ).  The most common combination for GABAARs is the triplet α1/β2/γ2, which 
is detected in various cell types in the CNS (McKernan and Whiting, 1996). These 
receptors are primarily permeable to chloride (Cl
-
) ions, but other anions, such as 
bicarbonate (HCO3
-
) can also be carried by the channel pore, although with much lower 
efficiency. When GABA binds extracellularly to the GABAAR, it induces a 
conformational change in the channel protein which increases the permeability of the 
ion pore to Cl
-
. 
GABAB receptors consist of transmembrane receptors that are coupled to G-




 ion channels (Holopainen and Wojcik, 1993). Until 
now, two subtypes of the receptor have been identified, the GABABR-1 and GABABR-2, 
existing two isoforms of the GABABR-1 (R1a and R1b) (Kaupmann et al., 1998; Pierce 
et al., 2002). This receptor is an obligate heterodimer that is only functional when both 
the GABABR-1 and GABABR-2 are co-expressed in the same cell. GABABRs are 
localized both pre- and postsynaptically, and they use different mechanisms at these 
locations to regulate cell excitability (Bettler et al., 2004). In the hippocampus, 
presynaptic GABAB receptors located both on inhibitory (GABAergic) and excitatory 
(glutamatergic) terminals are proposed to be tonically activated by ambient levels of 
GABA (Kubota et al., 2003).   
GABAC receptors have prominent distributions on retinal neurons, but 
functionally and pharmacologically are less well-characterized than its counterpartners. 
This receptor is a Cl
-
-selective ion-channel but differs from GABAA receptor by having 
a smaller single channel conductance, meaning a longer lasting inhibition (Feigenspan 
and Bormann, 1994), and a higher affinity for GABA than the GABAA receptors 
(Feigenspan and Bormann, 1994; Wang et al., 1994). GABACR are believed to be 




homo- or heteropentameric proteins that are composed of ρ-subunits, of which three 
subunits have been identified, the ρ1, ρ2 and ρ3 subunits (Cutting et al., 1991; 
Alakuijala et al., 2005). 
Once GABA is removed from the synaptic cleft, the channel comes to a closed 








Figure 4. GABA receptors and their subunit composition. GABAA and GABAC receptors are closely related 
pentameric receptors that carry chloride; however, whereas GABAA receptors are composed of combinations of 
several subunit types, GABAC receptors are composed of single or multiple -subunits. GABAB receptors are 
metabotropic receptors that exist as R1a, R1b and R2 isoforms, and are associated with G proteins. Native GABAB 
receptors are dimers composed of one R1 subunit and the R2 subunit.  Adapted from Owens and Kriegstein, 2002. 
 
After dissociation from the receptor complex, GABA is transported back into the 
presynaptic nerve terminal or into surrounding astrocytes via a high affinity GABA 
transport system thereby terminating GABA’s inhibitory action (Iversen and Neal, 1968) 
and keeping the extracellular GABA concentrations under physiological levels. This 
reuptake from the synaptic cleft is mediated by several types of plasma membrane 
GABA transporters (GATs). There are four distinct GABA transporters (GATs 1-3 and 
a betaine/GABA transporter) that have been identified in mammalian tissues by 
molecular cloning techniques (Conti et al., 2004). GATs have unique anatomical 
distributions in the rodent CNS, and the major subtype, GAT-1, is considered the 
predominant neuronal GABA transporter, whereas the others show a more ubiquitous 
distribution (Guastella et al., 1990; Borden, 1996; Engel et al., 1998). GAT-1 is found 
in inhibitory axons and nerve terminals (Conti et al., 1998), and this organization is well 





 since two Na
+
 and one Cl
-
 ion are co-transported with 
each GABA molecule (Lester et al, 1994).    
GABA can also be taken up by surrounding astrocytes where it is metabolized 
into succinic semialdehyde by GABA transaminase (GABA-T), and transformed into 




glutamate cannot be converted into GABA and is thus transformed by glutamine 
synthetase into glutamine (Waagepetersen et al., 2003; Schousboe and Waagepetersen, 
2006). Glutamine is then uptaken back to neurons by specific transporters (Varoqui et 
al., 2000), where it can be converted by GAD to regenerate GABA (Schousboe and 
Waagepetersen, 2006).   
 
 
1.2.2. The Glycinergic System 
1.2.2.1. Glycine 
Glycine is a non-essential amino acid and is the smallest of the 20 amino acids 
commonly found in proteins. It is biosynthesized in the body from the amino acid serine 
(Figure 5), a reaction catalyzed by the enzyme serine hydroxymethyltransferase (EC 







Figure 5. Biosynthesis of glycine, from the amino acid serine, by the enzyme serine hydroxymethyltransferase. 
The structural formulas show the state of ionization that would predominate at pH 7.0. The unshaded portions are 
those common to both amino acids; the portions shaded in pink are the R groups. Adapted from Nelson and Cox, 
2000. 
 
In neurobiology, it serves as the second major inhibitory neurotransmitter in the 
CNS, acting at more caudal regions. 
High densities of glycinergic synapses are found in spinal cord and brain stem 
(Eulenburg et al., 2005) and are implicated in the control of many motor and sensory 
pathways (López-Corcuera et al., 2001). In addition, this amino acid functions as an 
excitatory neurotransmitter during embryonic development and is an essential co-




agonist at glutamatergic synapses containing the ionotropic N-methyl-D-aspartate 
(NMDA) subtype of glutamate receptors (Johnson and Ascher, 1987). Recent studies 
have shown that superfusion with 0.5-20µM glycine causes a potentiation of NMDA 
receptors currents in slice preparations (Berger et al., 1998). Furthermore, higher 
concentrations of glycine (≥100 µM) have been found to ‘prime’ NMDA receptors for 
internalization although this process is ultimately triggered by the activating agonist 
glutamate (Nelson, 1998). 
 
 
1.2.2.2. Glycinergic Synapse 
Glycine packaging into synaptic vesicles is mediated by VIAAT as happens to 
GABA (Figure 3). It is stored in high concentrations in presynaptic terminals (50-
100mM) (Kandel et al., 2000), and released into the synaptic cleft upon cellular 
depolarization. At the synaptic cleft, it activates the ionotropic glycine receptor (GlyR).  
GlyR is a heteropentameric ion channel permeable to chloride ions and shares 
many structural characteristics of the nicotinic acetylcholine receptor. Unlike GABAA 
receptor-mediated inhibition, glycine receptor-mediated inhibition is primarily 
postsynaptic (Mitchell et al., 1993; Todd et al., 1996). When activated, the channel 
serves to increase chloride conductance in the postsynaptic membrane leading to 
hyperpolarization and decreased excitability. GlyR is composed of α and β subunits, 
arranged around a central pore. Studies have shown evidence for both a 3α:2β (Becker 
et al., 1988; Kuhse et al., 1993), and more recently 2α:3β stoichiometry (Grudzinska et 
al., 2005). The α subunit of GlyR confers channel kinetics and pharmacology, and is the 
obligatory subunit which is capable of forming functional homomeric channels. The β 
subunit allows anchoring of the receptor to the membrane through binding of the 
auxiliary structure protein gephyrin (93kDa) (Triller et al., 1985; Schmitt et al., 1987; 
Betz et al., 2006). This GlyR-gephyrin interaction is reversible and highly dynamic 
(Meier et al., 2000), thus regulating the number of receptors at synapses. To date there 
are four known α subunit isoforms, named α1 -α4 (Grenningloh et al., 1990; Kuhse et 
al., 1990; Matzenbach et al., 1994) and a single β subunit isoform (Lynch, 2004). The 
diversity in GlyR subunits can be generated by alternative splicing, contributing for its 




at early stages, while α1 subunits predominate later (Kuhse et al., 1995). Some studies 
suggested that hippocampal neurons express α2 homomeric GlyRs (Chattipakorn and 
McMahon, 2002), while others stated that hippocampal GlyRs might also be composed 
of heteromeric αβ subunits (Danglot et al., 2004). Recently, it was shown that in mature 
hippocampus, although a few synaptic GlyRα1β can be detected in the dendritic layers, 
extrasynaptic α2/α3-containing GlyR and somatic localized GlyRα3 are the most 
abundant (Aroeira et al., 2011). 
As stated before for GABA receptors (depicted in Figure 1), in immature 
neurons GlyR activation causes depolarization instead of the hyperpolarization observed 
in mature ones. This indicates that a shift, from glycine-mediated excitation to glycine-
mediated inhibition, also occurs in GlyR function with development (Ben-Ari, 2002). 
At the glycinergic synapse (Figure 6), termination of glycinergic transmission is 
achieved through the removal of glycine from the synaptic cleft by specific high affinity 
transporters: GlyT1, mainly present in glial cells, namely astrocytes (Guastella et al., 
1992), and GlyT2, that can be found in the plasma membrane of glycinergic nerve 
terminals (Liu et al., 1993).  Therefore, these transporters (GlyTs) regulate the effective 














Figure 6. The glycinergic synapse. Schematic representation of a typical glycinergic synapse. The glycine receptors 
are shown as pentamers of stoichiometry 3α:2β and also the more recent preferred stoichiometry of 2α:3β. The 
receptors are anchored via the β subunits to gephyrin and thus to the microfilaments and microtubules. Presynaptic 
glycine is packaged into vesicles via VIAAT before release. After dissociation from the receptor, either of two 
discretely localized glycine transporters (GlyT1 or 2) sequester the glycine, which can then be re-packaged into 
synaptic vesicles or hydrolysed via the glycine cleavage system (GCS). Adapted from Bowery and Smart, 2006. 
3Na+, Cl-
2Na+, Cl-








-dependent transporter proteins, 
which includes transporters for monoamines (serotonin, norepinephrine and dopamine) 
and GABA (Nelson et al., 1998). GlyT1 and GlyT2 share approximately 50% amino 
acid sequence identity, but differ in pharmacology and tissue distribution. They are 
characterized by a transmembrane topology with 12 transmembrane domains (TMDs) 
connected by six extracellular and five intracellular loops (Figure 7). The large second 
extracellular loop connecting transmembrane domains 3 and 4 is multiply N-
glycosylated, and the N- and C-termini are located intracellularly. GlyT2 is a larger 
protein than GlyT1 due to a unique extended N-terminal domain of approximately 200 
amino acids (Eulenburg et al., 2005). 
 
 
Figure 7. Membrane topology of GlyTs. GlyTs are characterized by 12 putative TMDs with intracellular N and C 
termini. Different splice variants are indicated in orange. For GlyT1, three N-terminal splice variants (a–c) and two 
C-terminal splice variants (d, e) have been identified. Alternate promoter usage generates three N-terminal GlyT2 
isoforms (a–c) with eight additional amino acids for GlyT2a and shorter identical protein sequences for GlyT2b and c. 
Adapted from Eulenburg et al., 2005. 
 
GlyTs have distinct functions at glycinergic synapses. Glial GlyT1 allows 
glycine transport into astrocytes together with two Na
+
 and one Cl
-
 (Roux and Suplisson, 
2000), where it’s hydrolyzed by an efficient system of degradation composed of several 
enzymes named glycine cleavage system (GCS), eliminating the excess intracellular 
glycine (Figure 6) (Sato et al., 1991). This transporter can be found in the cerebellum 
and olfactory bulb, but also in non-neuronal tissues (e.g. liver, pancreas and intestine) 
(Guastella et al., 1992). GlyT1 is also present in glutamatergic neurons and regulates the 
concentration of glycine at excitatory synapses containing NMDA receptors (Smith et 
al., 1992). Therefore, GlyT1 mediates both the clearance of glycine from the synaptic 
cleft of inhibitory synapses and participates in the regulation of glycine concentration at 





GlyT2 is highly expressed in CNS regions rich in glycinergic synapses such as 
spinal cord and brain stem, and has lower expression in the brain (Liu et al., 1993). 
Thus, this isoform is responsible for the termination of glycine neurotransmission, 
enhancing its efficacy by providing cytosolic glycine for vesicular release, with the co-
transport of three Na
+
 and one Cl
-
 (Roux and Suplisson, 2000). Glycine can then be 
recycled and repackaged into vesicles (Gomeza et al., 2003; Rousseau et al., 2008). 
Expression of VIAAT and GlyT2 alone have been shown to be sufficient for adequate 
glycine accumulation and release in model systems, more so than co-expression of 
VIAAT and GlyT1 (Aubrey et al., 2007). Moreover, immunostaining studies have 
shown that GlyT2 expression overlaps extensively with GlyR, the postsynaptic 
component of the glycinergic synapse, proving it to be a reliable marker for glycinergic 
neurons (Luque et al., 1994; Jursky and Nelson, 1995; Zafra et al., 1995; Poyatos et al., 
1997; Spike et al., 1997; Betz et al., 2006). 
 
 
1.3. GLYCINERGIC TRANSMISSION AS A POTENTIAL THERAPEUTIC TARGET FOR 
EPILEPSY 
Epilepsy is one of the most prevalent neurologic disorders worldwide (Pitkänen 
and Sutula, 2002) affecting 0.4-1% of the world’s population. According to Worldwide 
Health Organization (WHO), epilepsy accounts for 1% of global burden of disease, 
comparable to breast cancer in woman and lung cancer in man (Engel et al., 2008).  
According to the International League Against Epilepsy (ILAE), epilepsy results 
from an electrical disturbance in the brain which is characterized by recurrent seizures 
(Fisher et al., 2005). The term ‘epilepsy’ includes several genetic and acquired 
neurological disorders which share the periodic and unpredictable occurrence of 
seizures, that is, episodes of excessive neuronal activity. 
Epileptic activity may be conducted from all cortical areas to the hippocampus, a 
region of high vulnerability to seizures (Ben-Ari, 1985; Bengzon et al., 2002).  
Although numerous antiepilectic drugs (AEDs) are currently available, 30% of 
patients still continue to experience seizures, and a subset suffer progression of the 
disease, with increasing seizure frequency and cognitive decline. 
Furthermore, traditional AEDs are based on crucial CNS functions, such as 
GABAergic transmission, calcium channels and sodium channels and have strong side 




effects. Many of these adverse effects have been reported in the immature brain, both in 
animals (Bittigau et al., 2002) and in children (Herranz et al., 1988; Calandre et al., 
1990). There is still a growing concern about the current epilepsy treatment, and a need 
for more effective epilepsy therapy, especially in infants and children. It is therefore 
imperative to find novel and specific therapies aimed at preventing the onset and/or 
progression of this disorder. 
Since GABAergic inhibitory transmission is impaired in this pathology, glycine-
mediated transmission, through GlyR activation, could constitute an additional or 
alternate inhibitory mechanism to maintain the balance between neuronal inhibition and 
excitation.  
Over the years, several reports have stated the potential anticonvulsant effect of 
GlyR activation and have described alterations in glycinergic transmission related 
elements on Temporal Lobe Epilepsy (TLE) patients.  
Work in vivo demonstrated that exogenous application of glycine can depress 
seizure activity in an animal model of epilepsy (Cherubini et al. 1981). Other studies 
revealed that glycine can potentiate the action of some anticonvulsant (Seiler and 
Sarhan, 1984; Toth and Lajtha, 1984; Norris et al., 1994). Taurine, another GlyR 
agonist, has also been shown to depress epileptiform activity induced by Mg
2+
 removal 
in combined rat hippocampal-entorhinal cortex slices (Kirchner et al., 2003). 
Furthermore, GlyR subunits expression is altered in the brain of TLE patients 
corroborating an involvement of glycinergic transmission in this pathology (Eichler et 
al., 2008; Eichler et al., 2009). 
In view of the above, if one wants to consider glycinergic transmission as a 
potential therapeutic target for epilepsy, a deep knowledge about the glycinergic 










The objective of the present work is to investigate which are the contributors for the 
acquisition of a glycinergic phenotype.  
In order to accomplish this general aim, the following specific objectives were 
pursued: 
1. To promote the glycinergic phenotype by blockade of components of the 
GABAergic system, such as the GABAA receptor, the enzyme GAD65 and the 
GABA transporter GAT-1, in primary neuronal cultures. 
a. To evaluate, for each insult, the protein expression of glycinergic 
transmission markers, namely GlyT2 in the presynaptic boutons and 
GlyR in the postsynaptic density. 
b. To assess, for each insult, the transcript expression of GlyT2 and GlyR 
subunits. 
2. To compare the ratio of glycinergic vs GABAergic terminals in synaptosomes 
prepared from control and insulted hippocampal slices. 
3. Evaluate, in hippocampal synaptosomes, a potential physical interaction 
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3. MATERIALS AND METHODS 
3.1.  REAGENTS 
The reagents used in this work, unless stated otherwise, were obtained from 
Invitrogen (Carlsbed, CA, USA) and Sigma-Aldrich (St. Louis, MO, USA). 
SKF89976a (1-(4,4-Diphenyl-3-butenyl)-3-piperidinecarboxylic acid 
hydrochloride) and Gabazine (SR-95531) (2-(3-Carboxypropyl)-3-amino-6-(4-
methoxyphenyl) pyridazinium bromide) were obtained from Abcam (Cambridge, MA, 
USA). 3-Mercaptopropionic acid (3-MPA) was obtained from Sigma-Aldrich (St.Louis, 
MO, USA). 
 
3.2.  ANIMALS 
The described experiments used Sprague-Dawley rats obtained from Harlan 
Interfauna Iberia (Spain). For the neuronal primary cultures, cortical neurons were 
obtained from E17-E18 (embryonic day) embryos. For the preparation of the 
synaptosomal fraction, hippocampus was isolated from young-adult rats (3-5 weeks old). 
The animals were handled according to the European Community guidelines 
(2010/63/EU) and Portuguese law concerning animal care. Animals were deeply 
anesthetized with halothane (2-Bromo-2-Chloro-1,1,1-Trifluoroethane) in an anesthesia 
chamber before being sacrificed by decapitation. 
 
3.3. BIOLOGICAL SAMPLES 
3.3.1. Neuronal Cortical Cultures 
Pregnant rats were anaesthetized and decapitated as previously described. Uterus 
containing the embryos was removed from the rat abdomen, as explained in Figure 8, 




 free Hank’s Balanced Salt Solution supplemented 
with 0.37% glucose (HBSS-glucose). Under a laminar flow hood, embryos were rapidly 
removed from the uterus. After brain isolation from the embryo, meninges were gently 
removed from the hemispheres and the cortex was exposed. All cortices were collected 
in fresh HBSS-glucose and transferred to a 15 ml Falcon tube in a final volume of 2,7 
ml. Trypsinization was carried out (0,350 ml of 2,5 % trypsin) at 37 ºC for 15 min in a 
water bath, in order to digest the proteins that promote adhesion between cells in the 




tissue. Afterwards, trypsin solution was gently removed, 20 ml of HBSS supplemented 
with glucose and 30% Fetal Bovine Serum (FBS) was added and let stand for 5 min at 
room temperature (RT: 22-24ºC) to quench trypsin activity. The cortices were washed 3 
more times in HBSS-glucose, and centrifuged each time at 200g for 4 minutes, allowing 







Figure 8. Brain dissection from E17-18 rat embryos. (I) The sacrificed pregnant rat is placed on its back to expose 
the abdomen and the abdominal cavity is open. The uterus containing the embryos is removed by lifting while cutting 
the mesometrium (red line). (II) Image of E17-E18 embryo after removal from the uterus. (III) The brain is dissected 
out by pressing the forceps gently against the skull, moving the bone down- and sidewise. Adapted from Fath, 2008. 
 
The cortices were resuspended in Neurobasal medium (Neurobasal-B27: 
Neurobasal supplemented with 0.5 mM glutamine, 2% B27, 25 U/mL 
penicillin/streptomycin) and 25mM glutamic acid in a final volume of 40 mL. 
Dissociation was achieved by repeatedly pipetting the suspension up and down. 
Cell suspension was filtered using a nylon filter (Cell Strainer 70µM, BD 
Falcon
TM
) to remove cell clumps and tissue fragments. Cell density was determined by 
counting cells in a 0.4% trypan blue solution using a hemacytometer. Cells were plated 




 in 12 and 24-well 
plates with glass coverslips (Marienfeld, Germany) coated with poly-D-lysine (PDL, 50 










 in 100mm PDL-coated plates (Enzifarma, Portugal) for RNA extraction. 
Cortical primary cultures were maintained for 8 days in an incubator with a 
humidified 37ºC and 5% CO2 atmosphere with no media exchange. 
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3.3.2.  Hippocampal Synaptosomes 
Rats (3-5 weeks old) were anaesthetized and decapitated as previously described, 
the brain was rapidly removed and the hippocampus was dissected out.  Whole 
hippocampi, or hippocampus derived slices (isolated from 8-10 animals) were collected 
in 5ml of a chilled 0.32M sucrose solution at pH 7.4 (1mM EDTA, 10mM HEPES and 
1 mg/ml bovine serum albumin (BSA)). The tissue was homogenized with a Teflon 
piston and the volume was completed up to 15ml with ice-cold sucrose solution. After a 
first centrifugation at 1000g for 10 minutes, the supernatant was collected and 
centrifuged at 14000g for 12 minutes. The pellet was resuspended in 3ml of a Percoll 
solution, which contained 45% (v/v) Percoll in Krebs-HEPES-Ringer solution (KHR I: 
140mM NaCl, 1mM EDTA, 10mM HEPES, 5mM KCl and 5mM glucose, pH 7.4). The 
suspension was centrifuged at 11000g for 2 minutes and the top layer, which 
corresponded to the synaptosomal fraction, was removed, washed two times with 1ml of 
KHR I solution and centrifuged each time at 11000g for 2 minutes. 
The washed synaptosomal fraction was resuspended in KHR II solution at pH 
7.4 (125mM NaCl, 10mM HEPES, 3mM KCl, 10mM glucose, 1.2mM MgSO4, 1mM 
NaH2PO4, 1.5mM CaCl2) and kept at 4ºC until use. All the centrifugations described in 
the protocol were performed at 4ºC. 
The protein concentration in the synaptosomal fraction was assayed according to 
the Bradford method (Bradford, 1976), using BSA as standard. 
 
 
3.4.   PHARMACOLOGICAL TREATMENTS 
3.4.1.   Neuronal Cortical Cultures 
At 3 days in vitro (DIV), neurons were treated with 2µM of cytosine arabinoside 
(Ara C), by adding it to the Neurobasal-B27 maintenance medium. Ara C, an 
antimitotic drug, was used to reduce the presence of glia and other contaminating cells 
in neuronal cultures (Negishi et al., 2003; Rhodes et al., 2003). 
At 7DIV, when the neurons have already specified the axon and primary 
dendrites (Dotti et al., 1988; Ziv and Smith, 1996), pharmacological treatments were 
performed. For this procedure, half of the medium was replaced with fresh Neurobasal-
B27 medium with or without (control) the drugs in study. Three different compounds, 




targeting components of the GABAergic synapse, were used in this work: SKF89976a, 
a selective GAT-1 inhibitor, 3-MPA, a glutamate decarboxylase inhibitor, and Gabazine, 
a selective and competitive GABAA receptor antagonist.  
SKF89976a (50mM), 3-MPA (4,7mM) and Gabazine (5mM) were prepared as a 
stock solution in water. Stock solutions were aliquoted and stored at -20ºC until use. 
Dilutions of these stock solutions to the final concentration were prepared in 
Neurobasal-B27 at the day of the experiment. Different concentrations and exposure 
times were tested (Table I). 
 
Table I. Drugs used in this work. 
Drug Concentrations tested (µM) Time (h) 
SKF89976a   20, 50, 100 2, 4, 24 
Gabazine  10, 50, 100 2, 4, 24 
3-MPA 10, 20, 100 6, 24 
 
 
3.4.2.  Hippocampal Synaptosomes 
The synaptosomal suspension (300µl at 0.5µg of protein/µl in KHR II), was 
incubated at 37ºC in the presence of 20µM SKF89976a for 10, 20 and 30 minutes. 
Control experiments, for each exposure time, comprised the incubation at 37ºC, with no 
added drug. After the exposure, synaptosomes were washed with KHR II, in order to 
remove the drug, and kept on ice until further use. 
 
 
3.5.  IMMUNOFLUORESCENCE ASSAY 
3.5.1.  Neuronal Cortical Cultures 
At 8DIV, the cortical neurons plated in glass coverslips were washed with 
Phosphate Buffered Saline (PBS: 137mM NaCl, 2.7mM KCl, 8mM Na2HPO4.2H2O and 
1.5mM KH2PO4) and fixed with 4% paraformaldehyde (PFA) in PBS at RT, for 15 
minutes. The neurons were then washed two times with PBS. A glycine (0.1M in PBS) 
washing step, 10 minutes at RT, was used to remove any aldehyde traces. Cells were 
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permeabilized with 0.1% Triton X-100 (in PBS) for 5 minutes at RT and blocked with 
10% FBS in PBS containing 0.05% Tween-20 (PBS-T) for 1 hour, also at RT. 
Cells were then incubated with the primary antibodies (listed on Table II) 
overnight at 4ºC. Primary antibodies were rinsed off with PBS-T and the secondary 
antibodies coupled to fluorophores (listed on Table III) were applied to the cells for 1 
hour at RT. All the antibodies were diluted to the working concentration with 10% FBS 
in PBS-T. The secondary antibodies were also rinsed off with PBS-T and nuclei were 
stained with Hoechst (2’-(4-hydroxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5’-bi-1H-
benzimidazole trihydrochloride hydrate, bisBenzimide), for 5 minutes at RT. Finally, 
the coverslips were mounted in Mowiol. Mowiol is a non-absorbing compound, has no 
autofluorescence, or light scattering, and is considered adequate for fluorescence 
microscopy.  
In all immunofluorescence assays, specificity and absence of antibody cross-
reaction were confirmed by omission of the primary antibodies. 
Images were acquired with an inverted widefield fluorescence microscope (Zeiss 
Axiovert 200, Germany), with a 40x objective. 
 
3.5.2.  Hippocampal Synaptosomes 
3.5.2.1. Immunofluorescence Assay 
Immunofluorescence assays of synaptosomes were also performed. After 
incubating the synaptosomal suspension with the inhibitor SKF89976a (as described in 
section 3.4.2), 40µl of the suspension was placed on the center of a PDL-coated (50 
µg/ml) glass coverslip and maintained for 3 hours at 37ºC and 5% CO2. The plated 
synaptosomes were fixed with 4% PFA and the subsequent immunofluorescence 
protocol followed the one used for the neuronal cortical cultures (section 3.5.1), except 
for the incubation with Hoechst, which was not carried out.  
Images were also acquired in an inverted widefield fluorescence microscope 
(Zeiss Axiovert 200, Germany) with a 40x objective. 
 
3.5.2.2. Quantification of the immunofluorescence images 
Five images per coverslip and two coverslips per experiment, in a total of 3 
independent experiments, were quantified using an ImageJ mask. This mask was 




performed in immunofluorescence images obtained from double staining of GAD and 
GlyT2. Binary masks were created for both red and green channels using a cut-off 
intensity threshold value for each staining, defined as the minimum intensity 
corresponding to specific staining above background values. Labeling was identified in 
each binary mask image using the Particle Analyzer function of ImageJ. Red and green 
clusters were considered to co-localize if they had at least one pixel in common.  
 
3.6.  WESTERN BLOT ASSAY 
3.6.1.  Cell Lysis 
Western blot analysis was performed in order to address protein expression 
changes in the components of the glycinergic synapse, specifically GlyT2 and GlyR. 
After exposure to the different drugs (section 3.4.1), and during different time 
periods, cultured neurons were washed twice with PBS. Cell lysis was performed in 
70µl of ice-cold RIPA buffer (RIPA: 50mM Tris pH 8, 150mM NaCl, , 1mM EDTA 
(Ethylenediamine Tetraacetic Acid), 1% Nonidet P40 substitute (Nonyl 
phenoxylpolyethoxylethanol, Fluka), 0.1% SDS (Sodium Dodecyl Sulfate), 10% 
glycerol and protease inhibitors (EDTA-free Protease Inhibitor Cocktail Tablets, Roche). 
After 15 minutes on ice, cells were detached from the plate with a cell scraper. 
Subsequently cells were transferred to an eppendorf tube, sonicated and incubated at 
4ºC with slow agitation for 15 minutes. The suspension was centrifuged at 11000g for 
10 minutes and 4ºC. The supernatant was collected and frozen at -20ºC until further use. 
The protein concentration was assayed according to the Lowry method, 
following the instructions described in the manual (Bio-Rad DC Protein Assay, Bio-
Rad). The absorbance was read at 750 nm, using BSA as standard. 
 
3.6.2.  SDS-PAGE 
After protein quantification, loading buffer (350mM Tris pH 6.8, 30% glycerol, 
10% SDS, 600mM DTT (1,4-dithiothreitol) and 0.012% bromophenol blue) was added 
to the samples. Samples (50µg of total protein/lane) and the molecular weight marker 
(Precision Plus Protein Standards, Bio-Rad) were then run on a standard 12% sodium 
dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
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PVDF (Polyvinylidene Fluoride, Millipore) membranes. Membranes were blocked with 
5% non-fat dry milk dissolved in 0.1% TBS-T (Tris Buffered Saline) (0.2mM Tris, 
137mM NaCl with 0.1% Tween-20) for 1 hour, washed with TBS-T and incubated with 
the primary antibody (Table II) overnight at 4ºC. All primary antibodies were diluted in 
3% BSA in TBS-T with 0.02% NaNO3.  
Membranes were further incubated with the appropriate secondary antibody 
coupled to horseradish peroxidase (Table III) for 1 hour at RT. Chemoluminescent 
detection was performed with ECL-Plus Western Blot Detection Reagent (GE 
Healthcare, UK) using X-Ray films (Fujifilm). Quantifications were attained by 
densitometric scanning of the films, performed with the Image J software. β-Actin 
density was used as the loading control. 
 
3.7.  IMMUNOPRECIPITATION 
The immunoprecipitation experiments were performed in synaptosomes from 
hippocampus, obtained as described in section 3.3.2. Synaptosomal suspension (0.5 µg 
of protein per µl) was centrifuged at 11000g for 2 minutes, the supernatant was 
discarded and the remaining synaptosomes were resuspended in 500 µl of lysis buffer 
(RIPA buffer without SDS). After 15 minutes incubation at 4ºC with slow agitation, the 
suspension was centrifuged at 11000g for 10 minutes and 4ºC and the supernatant was 
collected. The supernatant was incubated overnight at 4ºC with 15 µl of the appropriate 
primary antibody, either against GlyT2 or VIAAT (see Table II). 
Protein G beads (Protein G Sepharose, Fast flow), previously washed three times with 
lysis buffer, were added (30 µl) to the protein suspension and the mixture was incubated 
overnight at 4ºC. After a final centrifugation for 2 minutes at 11000g, the supernatant 
was discarded, the immunoprecipitates were collected and washed five times with 1 ml 
of lysis buffer. Fifteen minutes at 100ºC, in the presence of loading buffer, were used to 
elute the immunoprecipitated proteins from the beads. The supernatant was then 
collected and Western Blot was performed. 
 





The following tables describe the primary and secondary antibodies used in this 
work for immunofluorescence assays (IF), western blot (WB) and immunoprecipitation 
(IP). 
 
Table II. Primary antibodies used in this work. 
Primary Antibody Host Supplier Dilution Technique 
GAD-6 Mouse monoclonal supernatant DSHB 1:20 IF 
Gephyrin Rabbit polyclonal antibody Abcam 1:250 IF 
GFAP Rabbit polyclonal antibody Sigma 1:250 IF 
GlyT2 Rabbit anti-rat antiserum Acris Antibodies 1:20 IF 
MAP2 Mouse monoclonal antibody Chemicon 1:200 IF 
VGAT Rabbit polyclonal antiserum Synaptic Systems 1:200 IF 
GlyR Mouse monoclonal antibody Synaptic Systems 1:250 IF, WB 
GAD-65 Mouse monoclonal antibody Abcam 1:500 WB 
GlyT2 Rabbit polyclonal antibody 
Gift from Dr. Manuel 
Miranda, USA 
1:1000 WB 
VGAT Rabbit polyclonal antibody 




β-Actin Rabbit polyclonal antibody Abcam 1:5000 WB 
GlyT2 (L-20) Goat polyclonal IgG Santa Cruz - IP 
VGAT (D-18) Goat polyclonal antibody Santa Cruz - IP 
 
Abbreviations: GAD – Glutamate decarboxylase; GFAP – Glial fibrillary acidic protein; GlyT2 – Glycine transporter 




Table III. Secondary antibodies used in this work. 
Secondary Antibody Supplier Dilution Technique 
AlexaFluor 488 Goat anti-mouse IgG (H+L) Invitrogen 1:500 IF 
AlexaFluor 568 Goat anti-rabbit IgG (H+L) Invitrogen 1:500 IF 
Goat anti-Rabbit IgG-HRP Santa Cruz 1:10000 WB 
Goat anti-Mouse IgG-HRP Santa Cruz 1:10000 WB 
Goat anti-Rabbit-HRP Light Chain Specific Jackson 1:20000 WB 
Goat anti-Mouse-HRP Light Chain Specific Jackson 1:20000 WB 
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3.9. QUANTITATIVE REAL-TIME PCR (QPCR) 
 
RNA was isolated from cortical cultured neurons (obtained as described in 
section 3.3.1), following the instructions of the isolation kit (RNAspin Mini RNA 
Isolation Kit, GE Healthcare) and the quantification of total RNA was performed using 
Nanodrop (ND-1000 Spectrophotometer). In vitro transcription reaction used 2µg of 
total RNA and was carried out according to the manufacturer’s recommendations 
(SuperScript First Strand, Invitrogen), with the SuperScript II Reverse Transcriptase 
(EC 2.7.7.49, Invitrogen). For each RNA sample, a reverse transcription reaction was 
carried out in the absence of reverse transcriptase, in order to ensure that product 
amplification did not arise from genomic DNA. 
cDNA was then amplified in the presence of SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA, USA) and 0.2 µM of each specific gene primer (see Table 
IV). The amplification was performed in a Rotor-Gene 6000 real-time rotary analyzer 
thermocycler (Corbett Life Science, Hilden, Germany), with the following program: 
94ºC for 2 minutes, 50 cycles at 94ºC for 30 seconds, 60ºC for 90 seconds and 72ºC for 
60 seconds, followed by a melting curve to assess the specificity of the reactions. The 
threshold cycle (Ct) and the melting curves (see Appendix) were acquired with Rotor-
Gene 6000 Software 1.7 (Corbett Life Science). In order to determine the PCR 
efficiency (E) for each gene, which is needed for the relative quantification by 
comparative Pfaffl method (explained in Appendix), a qPCR with cDNA samples from 
5-fold sequencial dilutions of a CTL cDNA was performed for each set of primers. The 
relative qPCR establishes the cDNA expression level by normalization with an internal 
control gene. β-actin was the internal control gene used as a reference gene for 
normalization. For each gene, replica reactions were performed. Two types of negative 















Table IV. Description of the primers used for qPCR. 
 
Gene Primer sequence (5’-3’) Fragment Size (bp) 
β-Actin Forward: AGCCATGTACGTAGCCATCC 228 
Reverse: CTCTCAGCTGTGGTGGTGAA 
GlyT2 Forward: TCCGTCCTCATAGCCATCTA 295 
Reverse: TCACTCCCGCTGACAAATG 
α1 Forward: ACTCTGCGATTCTACCTTTGG 300 
Reverse: ATATTCATTGTAGGCGAGACGG 
α2 Forward: CAGAGTTCAGGTTCCAGGG 330 
Reverse: TCCACAAACTTCTTCTTGATAG 
α3 Forward: GTGAGACACTTTCGGACACTAC 353 
Reverse: GATGGGTCGAGGTCTAATGAATC 
β Forward: CTGTTCATATCAAGCACTTTGC 223 
Reverse: GGGATGACAGGCTTGGCAG 
 
3.10.  PATCH CLAMP RECORDINGS 
The patch-clamp technique is characterized by several configurations. In this 
work, it was applied the whole-cell configuration which was used to study the ensemble 
response of all ion channels within the cell’s membrane and to assess about the viability 
and health of the cultured cortical cells. 
Whole-cell patch-clamp recordings were obtained from cortical neurons with 
8DIV, which were visualized with an upright microscope (Zeiss Axioskop 2FS) 
equipped with infrared video microscopy and differential interference contrast optics. 
The coverslips where the cells were previously plated (as described in section 3.3.1) 
were placed in the recording chamber, fixed with a grid, continuously superfused by a 
gravitational superfusion system, with artificial cerebrospinal fluid (aCSF: 124 mM 
NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 1 mM MgSO4, 2 mM CaCl2 
and 10mM glucose, pH 7.4) gassed with 95%O2 and 5% CO2. Recordings were 
performed at RT 
The patch pipettes, used in the setup, were made from borosilicate glass 
capillaries (1.5 mm and 0.86 mm, outer and inner diameters, respectively, (Harvard 
Apparatus, Germany) in two stages on a pipette puller (PC-10 Puller, Narishige Group). 
They were characterized by a resistance of 4–7 MΩ (it is usually a difficult task to break 
through the whole-cell configuration when the microelectrodes have too high resistance 
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values), when filled with an internal solution, which depended on the type of currents 
that were recorded. For this work, it was recorded miniature excitatory postsynaptic 
currents (mEPSCs). For mEPSCs, the internal solution is composed by: 125mM K-
gluconate, 11mM KCl, 0.1mM CaCl2, 2mM MgCl2; 1mM EGTA, 10mM HEPES, 2 
mM MgATp, 0.3mM NaGTP and 10mM phosphocreatine, pH  7.3, adjusted with 1 M 
NaOH.  
The recording currents were performed in the voltage-clamp mode (Vh = -70mV) 
set up by an Axopatch 200B (Axon Instruments) amplifier. The offset potentials were 
nulled before the giga-seal formation. After establishing whole-cell configuration, it was 
possible to determine the membrane potential of the neurons in the current-clamp mode, 
before starting the recording miniature currents. Firing patterns, obtained in response to 
current injection through the recording electrode, were also recorded. 
The described technique was performed by Raquel Dias and the analysis of the 
firing patterns and mEPSCs was done with the Clampfit 10.2 software. 
 
3.11.  DATA ANALYSIS (STATISTICS) 
The values presented are mean±Standard Error of the Mean (S.E.M.) of n 
independent experiments. Statistical significance was determined with GraphPad 
software (Prism, 5.00 for Windows). To evaluate multiple comparisons, two-way 
analysis of variance (ANOVA) followed by Bonferroni correction was used. When only 
two means were compared, the Student’s t-test was used. Values of p<0.05 were 



















4.1. PRIMARY NEURONAL CORTICAL CULTURES  
4.1.1. Evaluation of cellular health and functionality 
Primary neuronal cultures have become a popular research tool since they allow 
easy access to individual neurons for electrophysiological recording and stimulation, 
pharmacological manipulations and also microscopy analysis. 
Electrophysiological recordings and immunofluorescence assays were used in 
this work in order to ensure that the cortical neurons were healthy and functional.  
 
4.1.1.1. Electrophysiological recordings 
Whole cell current clamp recordings and electrically-evoked excitatory 
postsynaptic currents were performed in 8DIV, showing that the neurons were 
responsive and functional (Figure 9-B and C). In terms of morphology, all cultured 









Figure 9. Patch-clamp recordings. Cells were visually identified by their characteristic morphological features (A) 
and functionally, by monitoring miniature excitatory post-synaptic currents (mEPSCs) (B) and by firing patterns 
obtained in response to current injection through the recording electrode (C), as described in Materials and Methods. 
 




4.1.1.2. Immunofluorescence assays 
Two types of double immunofluorescence assays were performed. For the 
assessment of neurons’s normal morphology and development, and also to verify the 
presence of astrocytes, a double immunolabelling with Microtubule-associated protein 2 
(MAP2) and Glial fibrillary acidic protein (GFAP) was performed. MAP2 is a neuronal 
marker, while GFAP is a marker for mature astrocytes. As can be observed in Figure 10, 
the majority of the cells is MAP2
+
 and depicts the characteristic neuronal feature: a long 
process, the axon, and many small dendritic processes. On the other hand, no GFAP
+
 
cells were detected in the cultures, which confirm the culture’s high purity.  
 
Figure 10. Double staining of MAP2 and GFAP in primary rat cortical neurons. Immunofluorescence staining of 
primary neuronal cultures at 8 DIV: neurons were stained with mouse anti-MAP2 antibody (green) and astrocytes 
were stained with rabbit anti-GFAP antibody (red). Nuclei were stained with DAPI (blue). Image was acquired with a 
40x objective in a Axiovert 200 microscope from Zeiss. Scale bars 15µm. 
 
A double immunostaining with VIAAT and GAD was also performed. As 
depicted in Figure 11, VIAAT and GAD show a punctuate staining that delineates all 
neuronal processes. VIAAT co-localizes with most GAD
+
 neurons (in yellow), which 





neurons (in green) can also be found, indicating the presence of glycinergic presynaptic 
boutons. As happens in brain, cultures neurons also present a high ratio between 












Figure 11. Double staining of GAD6 and VIAAT in primary rat cortical neurons. (A) Immunofluorescence 
staining of primary neuronal cultures at 8 DIV: neurons were stained with mouse anti-GAD6 antibody (red) with 
rabbit anti-VIAAT antibody (green). Nuclei were stained with DAPI (blue). (B) Amplification of the area indicated in 
the dashed box. Images were acquired with a 40x objective in a Axiovert 200 microscope from Zeiss. Scale bars 
15µm. 
 
4.1.2.   Expression pattern of glycinergic transmission markers 
To assess changes in glycinergic transmission components, namely GlyT2 and 
GlyR, a pharmacological treatment was performed as described in section 3.4.1. Cell 
homogenates were obtained, for each treatment and timepoint, and western blots were 
carried out. In the following figures cells that were not treated were named control 
(CTL). For comparison and positive control, spinal cord homogenates (from animals 
with 3 weeks old) were also analyzed (data not shown). 
The identification of both proteins was made through interaction with specific 
antibodies, listed in Table II. The monoclonal antibody specific for GlyR (mAb4a) was 
previously described (Pfeiffer et al., 1984), while the antibody against GlyT2 was a gift 
from University of Texas.  
Cultures were first treated with gabazine, an antagonist of GABAAR. The 
immunoreactive bands of GlyT2 and GlyR, as well as the densitometry analysis are 
shown in Figure 12. A significant increase in GlyR protein levels at 2h post treatment 
with 50µM (p=0.0414) and 100µM (p=0.0002) was observed. Moreover, and even 
though no significance (p=0.0702) was reached, a tendency for an increase in GlyT2 
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Figure 12. Expression of inhibitory transmission related markers, when cells are treated with different 
concentrations of gabazine, at different times. (A) Representative western blots of GlyT2 (60kDa), GlyR (48-
49kDa) and β-actin (42kDa), for each condition. β-actin was used as a loading control. (B) and (C) Densitometry 
analysis of western blots for GlyT2 and GlyR, respectively. All values are mean±SEM, normalized to β-actin. 
*p<0.05, ***p<0.001 comparing with CTL. 5<n<7; Two-way ANOVA followed by Bonferroni’s Multiple 
Comparison test. 
 
SKF8996a, a GAT-1 antagonist, was also used to induce impairment in GABA-
mediated transmission. 
The representative immunoblots and expression pattern of GlyT2 and GlyR 
upon SKF89976a treatment, era depicted in Figure 13. In this case, GlyT2 and GlyR 
expression did not change significantly in comparison to CTL cultures, at any 
concentration or time tested. However, it is possible to observe a minor increasing trend 
in GlyR protein levels at all SKF89976a concentrations and incubation times evaluated. 
GlyT2 protein expression also depicts a minor increase for all SKF89976a 







Figure 13. Expression of inhibitory transmission related markers, when cells are treated with different 
concentrations of SKF89976a, at different times. (A) Representative western blots of GlyT2 (60kDa), GlyR (48-
49kDa) and β-actin (42kDa), for each condition. β-actin was used as a loading control. (B) and (C) Densitometry 
analysis of western blots for GlyT2 and GlyR, respectively. All values are mean±SEM, normalized to β-actin. 5<n<7; 
Two-way ANOVA followed by Bonferroni’s Multiple Comparison test in comparison to CTL. 
 
 The induction of GABAergic transmission impairment in cultured neurons was 
also tested with 3-MPA, the major inhibitor of GAD65 enzyme. Unfortunately, 3-MPA 
addition to the medium required a pH adjustment. Since the correct pH was very 
difficult to achieve, the neurons demonstrated to be seriously damaged soon after 3-
MPA addition. Consequently, this line of investigation was not pursued. 
 
4.1.3.   Transcript expression pattern of glycinergic transmission markers 
In order to assess the transcript expression of GlyT2 and the different GlyR 
subunits (α1, α2, α3 and β), a qPCR, as described in section 3.9, was performed. No 
PCR products were detected using cDNA synthesized in the absence of reverse 
transcriptase which ensured that amplification did not arise from contaminating 
genomic DNA. Moreover, other negative controls showed no signal amplification, 
which implies absence of genomic DNA, external contamination or other factors that 
could originate a non-specific increase in the fluorescence signal (data not shown).  




Figure 14 represents the expression of GlyT2 mRNA after 2h and 24h treatment 
with 100µM SKF89967a and 100µM gabazine. GlyT2 transcript level shows a 
significant increase after 24h treatment (p=0.0059), when compared to control. 























Figure 14. Transcript expression profile of GlyT2. Composition analysis of GlyT2 transcript in CTL and treated 
cells with SKF89976a and gabazine, by relative qPCR. All values correspond to mean±SEM (n=3). **p<0.01, when 
compared to CTL; Two-tailed Unpaired t-test. 
The expression pattern of GlyR subunits mRNA is represented in Figure 15. 
Most GlyR subunits mRNA levels exhibited no significant increase, when compared 
with the control. However, GlyR subunit α1 (GlyRα1) showed a significant increase 
upon treatment with gabazine for 2h and 24h (p=0.043 and p=0.00051, respectively). 
GlyRα1 has also shown a tendency for increase when incubated with SKF89976a but no 
significance was attained.  














































































Figure 15. Transcript expression profile of GlyR subunits α1, α2, α3 and β. Composition analysis of GlyR 
subunit transcript in CTL and treated cells with SKF89976a and gabazine, by relative qPCR. All values correspond to 




4.2.      HIPPOCAMPAL SYNAPTOSOMES  
4.2.1. Characterization of synaptosomes prepared from rat hippocampal slices by 
immunofluorescence 
Synaptosomal fractions were first obtained from hippocampal slices, either CTL 
or treated, according to the protocol described in section 3.5.2. 
In order to verify the purity of these fractions, an immunofluorescence assay was 
performed. Thus, synaptosomes were prepared from hippocampal slices and plated onto 
PDL-coated glass coverslips. A double immunolabeling with MAP2 and GFAP was 
carried out and analysed by fluorescence microscopy, as shown in Figure 16. 
As can be observed, purified synaptosomes exhibit an abundant GFAP labeling, 
when compared with MAP2, confirming the heavy gliosomal contamination in the 
synaptosomes preparation. This detail makes this protocol not suited for the current 




Figure 16. Double staining of GFAP and MAP2 in synaptosomes obtained from hippocampal slices. 
Immunofluorescence images of rat hippocampal synaptosomes stained with rabbit anti-GFAP antibody (red) and with 
mouse anti-MAP2 antibody (green). Images were acquired with a 40x objective in an Axiovert 200 microscope from 
Zeiss. Scale bars 15µm. 
 
4.2.2. Characterization of synaptosomes prepared from hippocampal homogenates 
by immunofluorescence 
In this section, once again to ensure that the sinaptosomal fraction was highly 
pure, synaptosomes obtained from rat hippocampal homogenates were plated onto PDL-
coated glass coverslips. Figure 17 illustrates the fluorescence image obtained from the 
double immunolabeling with MAP2 and GFAP. 




In this case, the majority of the synaptosomes is MAP2
+
 and almost no GFAP
+
 
synaptosomes were detected. This assessment confirms that synaptosomes isolated from 
hippocampal homogenates are not contaminated with gliosomes. 
 
 
Figure 17. Double staining of GFAP and MAP2 in synaptosomes obtained from hippocampal homogenates. 
Immunofluorescence staining of rat hippocampal synaptosomes stained with rabbit anti-GFAP antibody (red) and 
with mouse anti-MAP2 antibody (green). Images were acquired with a 40x objective in a Axiovert 200 microscope 
from Zeiss. Scale bars 15µm. 
 
4.2.3. Evaluation of the ratio GABAergic/glycinergic terminals in hippocampal 
synaptosomes 
To assess changes in the ratio of GABAergic/glycinergic terminals upon GABA-
mediated transmission impairment, pharmacological treatment was performed as 
described in section 3.4.2. After treatment with 20µM SKF89967a (or simple incubation 
in the case of CTL) synaptosomes were prepared, plated and the immunofluorescence 
assay was carried out. 
A double immunolabelling of GAD and GlyT2 was performed. As referred 
before, GAD is a GABAergic terminal marker, while GlyT2 is considered a marker for 
glycinergic neurons. Figure 18 depicts an example of the final immunofluorescence 
















Immunofluorescence against Clusters Terminal type 
GAD (green)/GlyT2 (red) 
Green Pure GABAergic 
Red Pure glycinergic 
Yellow Mixed 
 
Figure 18. Double staining of GlyT2 and GAD6 in synaptosomes obtained from hippocampal homogenates. (A) 
Immunofluorescence images of synaptosomes stained with rabbit anti-GlyT2 antibody (red) and with mouse anti-
GAD6 antibody (green). Images were acquired with a 40x objective. Scale bars 15µm. (B) Types of terminals in the 
immunofluorescence images: GABAergic, glycinergic and mixed.  
 
The quantitative analysis of the referred images, was carried out using a mask 
written for ImageJ software, as described in section 3.5.2.2. After running the mask in 
each image taken with the fluorescence microscope, a composite was created by the 
software, as illustrated in Figure 19.  
 
 
Figure 19. Illustration of the method used for the quantitative analysis. The immunofluorescence image (A) is 
converted to a composite image (B) by the ImageJ mask. Scale bars 15µm. 
 
The described quantification method was then used to calculate the percentage 
of GABAergic, glycinergic and mixed terminals in each synaptosomal preparation, CTL 

















































































Figure 20. Changes in terminal phenotype in hippocampal synaptosomes. Relative percentage of (A) GABAergic, 
(B) glycinergic and (C) mixed terminals in synaptosomal preparations, non-treated (CTL) or treated with 20µM 
SKF89967a. over time. The values indicate the fold change when compared to the control (consider to be 100%). All 
values correspond to mean±SEM, n = 3. 
 
As can be observed, no type of terminal changed significantly in any of the 
incubation times tried. However, glycinergic and mixed terminals have shown a great 
tendency to increase upon synaptosomes treatment with SKF89976a for 10 and 20 
minutes. As to the GABAergic terminals, there’s a slight overall decrease, which is in 
agreement with the referred increase in pure glycinergic and mixed terminals.  
 
4.2.4. Assessment of a potential physical interaction between GlyT2 and VIAAT 
The full understanding of the relationship between the plasma membrane 
transporter GlyT2 and the vesicular transporter VIAAT and how this dynamic interplay 
can influence the glycinergic phenotype is still poorly understood. 
Given the fact that GlyT2 plays an important role in the recycling and refilling 






the glycinergic phenotype (Aubrey et al., 2007), a further study was pursued in order to 
assess a potential physical interaction between the two glycine transporters.  
For that, immunoprecipitation assays were preformed, as described in section 3.7. 
To ensure that the pull down of the proteins of interest was efficient, western 
blot detection with specific antibodies against GlyT2 and VIAAT was performed in the 
immunoprecipitates (IP). As illustrated in Figure 21, both VIAAT and GlyT2 are 
efficiently pulled down since they were detected in the IP obtained with an antibody 
against itself, indicated in blue in Figure 21. Furthermore, VIAAT was detected in the 
IP obtained by pulling down GlyT2 and GlyT2 was detected in the IP obtained by 
pulling down VIAAT, shown in red in Figure 21. For comparison and positive controls, 
homogenates from spinal cord (3-weeks old animals) (SC) and from primary cortical 
neurons (8 DIV) (PC) were also analyzed.  
The data shown in Figure 21, strongly suggests the interaction between VIAAT 
and GlyT2.  
 
 
Figure 21. Representative immunoblots of the immunoprecipited proteins, VIAAT (55kDa) and GlyT2 
(60kDa). Pull-down were carried out with goat polyclonal anti-VIAAT and goat polyclonal anti-GlyT2 antibodies. 
Immunoprecipitates were resolved by western blot with rabbit anti-VIAAT and rabbit anti-GlyT2 antibodies. (n = 2) 















Given the crucial role of GABAergic transmission in the neuronal function of 
the cerebral cortex, an enormous research effort has been directed in the past decades at 
investigating it. On the other hand, studies related to glycine-mediated transmission in 
the brain, are considerably behind. Nevertheless, in recent years glycinergic 
transmission has gain importance, since many studies have suggested it as a possible 
therapeutic target for epilepsy. Because the balance between excitation and inhibition 
may be a key factor in the etiology of neurological and cognitive disorders, it is critical 
to understand how inhibitory synapses are formed, maintained, and modified. The 
present study allowed to profile the expression pattern of glycinergic transmission-
related markers associated with an impaired GABAergic transmission in the brain. 
 
5.1. CHANGES IN THE GLYCINERGIC PHENOTYPE IN INSULTED CORTICAL PRIMARY 
NEURONAL CULTURES 
Recent studies showed that blocking neuronal glycine uptake for several hours 
markedly reduced glycinergic transmission, both in cultures and slices (Gomeza et al., 
2003; Bradaia et al., 2004), but enhanced GABAergic transmission. The combination of 
these changes was sufficient to shift the neuron phenotype from mostly glycinergic to 
mostly GABAergic (Rousseau et al., 2008). Taking this evidence into account, the 
reverse approach was followed. 
The GABAA receptors are the major receptors involved in GABA-mediated 
inhibitory signaling in the brain and changes in this receptor are associated with changes 
in the inhibitory tonus (Steiger and Russek, 2004). 
 In monoamine-releasing terminals, neurotransmitter transporters – in addition to 
terminating transmission by clearing released transmitters from the extracellular space – 
are the primary mechanism for replenishing transmitter stores and thus regulate 
presynaptic homeostasis. On this note, GAT-1 has a prominent role in both tonic and 
phasic GABAAR-mediated inhibition (Bragina et al., 2008) and is the only GABA 
transporter that can contribute directly to GABA replenishment in terminals. When 
GAT-1 is inhibited via SKF89976a, GABA uptake is interrupted, which leads to an 
abnormal accumulation of GABA in the synaptic cleft. However, there are two more 
types of glycine transporters. GAT-2 transporter, which is primarily located in the 




extrasynaptic region, and can be found both in neuronal and non-neuronal cells (Conti 
et al., 1999; Conti et al., 2004) and GAT-3 is localized to both neurons and astrocytes; 
being primarily localized to the latter cell type (Durkin et al., 1995; Minelli et al., 1996; 
Conti et al., 2004). Also GAT-3 has a relevant role in GABAergic transmission since an 
acute blockade of GAT-3 under resting conditions is fully compensated by GAT-1. This 
indicates that GAT-3 might provide an additional uptake capacity when neuronal 
activity and GABA release are increased (Kirmse et al., 2009). However, upon blockade 
of GABA transporters there is an alteration of both the amplitude and decay of the 
response mediated through ‘slow’, GABAB receptors (Isaacson et al., 1993), and of the 
decay phase of the ‘fast’ GABAA receptor-mediated response (Isaacson et al., 1993).  
The above information suggests that, and given the fact that the purpose was to 
facilitate the glycinergic phenotype by damaging the GABAergic transmission, 
GABAAR and GAT-1 seemed good targets to pursue this objective. Therefore, the 
glycinergic phenotype was analyzed upon blockade of GABAA receptor or GABA 
transporter GAT-1, by specific antagonists, namely gabazine and SKF89976a, 
respectively. 
 In neuronal cultures, interfering with GABAAR mostly present in the 
postsynaptic density, through the use of gabazine, showed a significant increase in GlyR 
expression. This effect, observed after 2h of incubation, was shown to be concentration 
dependent. Also GlyT2 expression displayed a tendency for increasing after gabazine 
incubation, but in this case the effect is detected in all ranges of gabazine concentration 
and incubation time tested.  
Upon blockade of GABA uptake with SKF89976a, densitometric analysis of 
western blots only showed an increasing trend in GlyR and GlyT2 expression, but 
without statistical significance, at any concentration or incubation time tested.  
These results strongly suggest that the blockade of GABAAR-mediated 
transmission or a deficient clearance of GABA from the synaptic cleft by blockade of 
GAT-1 leads to a compensatory mechanism through the increase of glycine-mediated 
transmission components, specifically GlyR in the postsynaptic density and GlyT2 in 
presynaptic membrane. 
Moreover, it has been proven that a deficiency in VIAAT results in drastic 
reduction of GABA and glycine release from nerve terminals (Wojcik et al., 2006), 
suggesting that both transmitters compete for VIAAT-mediated vesicle loading. 




same exchange with 1H
+
 (Burger et al., 1991), their accumulation in synaptic vesicles 
may not be limited by the same thermodynamic or kinetic constraints if their cytosolic 
concentrations differ significantly, especially in the brain. Since GABA and glycine 
compete for VIAAT, a deficiency in GABAergic synapse-related components might 
abolish this competition and drive glycine loading, in detriment of GABA. This increase 
in glycine vesicular uptake induces the expression of glycinergic-related components. 
As referred in section 4.1.2, the blockade of GAD65 enzyme with 3-MPA, the 
major inhibitor for this enzyme, was also tested. This was so due to the knowledge that 
GAD65, the enzyme responsible for the synthesis of GABA from glutamate for 
vesicular release, was necessary for efficient GABAergic neurotransmission (Latal et al., 
2010). Also an association of VIAAT with GAD65 has been shown to provide a major 
kinetic advantage for the vesicular accumulation of newly synthesized GABA (Jin et al., 
2003) and this association is likely to alter the relative accumulation of GABA in 
vesicles. Since a study in neuronal cortical cultures using 3-MPA was already described 
(Monnerie H and Le Roux, 2007), this appeared a possible approach. Unfortunately, 
cultured neurons are extremely sensitive to factors that alter the optimal conditions in 
which they were plated. Hence, before adding the 3-MPA a pH adjustment had to be 
done. Since this adjustment was not very successful, 3-MPA strongly induced cell death 
shortly after addition and this line of investigation could not pursued. 
The use of real-time quantitative PCR was important to evaluate if the observed 
changes in the protein levels were accompanied by changes in the expression of the 
mRNA encoding for GlyT2 and GlyR. For this part of the work, the highest 
concentration of gabazine and SKF89976a was used - 100µM. The incubation time for 
both drugs was 2h and 24h. 
The transcript expression profile seems to corroborate the GlyR expression 
findings. The antibody used for the detection of GlyR by western blot is characterized 
(Pfeiffer et al., 1984) and it recognizes all alpha subunits (α1, α2 and α3). A single band 
of 48-49kDa was obtained, which corresponds to both α1 (48kDa) and α2 (49kDa) 
subunits of the receptor. qPCR has shown a significant increase in GlyRα1 subunit 
when the cells were exposed to gabazine, and a strong increasing trend of the same 
subunit after exposure to SKF89976a, which indicates that GlyRα1 is the subunit 
responsible for the protein increase observed in the western blots. After 24h incubation, 
with both gabazine and SKF89976a, a minor increasing trend might also be observed in 
GlyRβ subunit. 




GlyR is composed of α and β subunits, arranged around a central pore. The α 
subunit of GlyR, confers channel kinetics and pharmacology, and is the obligatory 
subunit which is capable of forming functional homomeric channels. The β subunit 
allows GlyR anchoring to the membrane through binding of the auxiliary structure 
protein gephyrin, a cytoplasmatic protein necessary for synaptic localization of GlyR 
(Triller et al., 1985; Schmitt et al., 1987; Betz et al., 2006). The increase in GlyRα1, 
concomitant with the trending increase in GlyRβ suggest a recruitment of heteromeric 
GlyRα1β to the postsynaptic density. However, this result is contradictory to what has 
been previously reported (Aroeira et al., 2011). Aroeira and co-workers postulated that 
in the mature brain, specifically in the hipocamppus, although a few synaptic GlyRα1β 
can be detected in the dendritic layers, extrasynaptic α2/α3-containing GlyR and 
somatic localized GlyRα3 are the most abundant. The authors pointed towards an 
important function of a slow tonic activation of extrasynaptic GlyR, over a fast phasic 
activation of synaptic GlyRα1β. However, the results indicate that GABA mediated-
neurotransmission impairment affects the GlyRα1β already located in the synapse, 
probably to allow a quick response of the glycinergic system to low GABA levels in the 
terminals (Triller and Choquet, 2005). 
Also, regarding the formation of inhibitory synapses, it is described that clusters 
of GABAAR are recruited at the postsynaptic location, followed by the association of 
gephyrin and GlyR with GABAAR at this site. GABAAR could be the initial element 
responsible for the recruitment of the other postsynaptic components in mixed synapses, 
by a mechanism similar to the one proposed by Kirsh and Betz (1998). The binding of 
GABA to synaptically clustered receptors would initiate a depolarizing Cl
-
 current that 




would in turn aggregate gephyrin, 
which would stabilize GABAAR and allow the subsequent recruitment of GlyR 
(Dumoulin et al., 2000). On the view of the above, one can speculate that in the 
presented experiments gabazine blocks GABAAR and as a compensatory mechanism 
GlyR recruitment to the postsynaptic densities is induced. On the other hand, 
SKF89976a causes an increase in GABA in the synaptic cleft due to GAT-1 inhibition. 
This over activation of GABAAR and its consequent internalization, causes an induction 
of GlyR recruitment to the postsynaptic densities. 
Regarding GlyT2 transcript expression, GlyT2 mRNA levels increased 
significantly after 24h treatment with SKF89976a, when compared to the control. 




support the expression pattern obtained by western blot and point to the need of 
increasing the number of experiments to confirm the data and to draw any conclusions.  
 Furthermore, it is always important to have in mind, there are presumably at 
least three reasons for the poor correlations generally reported in the literature between 
the level of mRNA and the level of protein, and these may not be mutually exclusive. 
First, there are many complicated and varied post-transcriptional mechanisms involved 
in turning mRNA into protein that are not yet sufficiently well defined to be able to 
compute protein concentrations from mRNA; second, proteins may differ substantially 
in their in vivo half lives as the result of varied protein synthesis and degradation, and 
protein turnover can vary significantly depending on a number of different conditions; 
and/or third, there is a significant amount of error and noise in both protein and mRNA 
experiments that limit our ability to get a clear picture (Gygi et al., 1999; Greenbaum et 
al., 2002). 
GlyT2 removes glycine from the synaptic cleft, thereby aiding the termination of 
the glycinergic signal and achieving the reloading of the presynaptic terminal. The task 
fulfilled by this transporter is fine tuned by regulating both transport activity and 
intracellular trafficking. Different stimuli such as neuronal activity or protein kinase C 
(PKC) activation can control GlyT2 surface levels although the intracellular 
compartments where GlyT2 resides are largely unknown. Moreover, it has also been 
published that inhibitory glycinergic neurotransmission is modulated by the GlyT2 
exocytosis/endocytosis equilibrium, but the mechanisms underlying the turnover of this 
transporter remain elusive (Juan-Sanz J et al., 2011). Also, the available antibody used 
for GlyT2 detection by western blot did not always had a clear signal, making the 
densitometry analysis quite difficult. The above statements can explain the differences 
on the GlyT2 data obtained by western blot and qPCR. 
Nevertheless, the results obtained point to an overall tendency for up-regulation 
of glycine-mediated neurotransmission markers, upon a GABAergic transmission 
impairment.  
 
5.2. CHANGES IN THE RATIO OF GLYCINERGIC VS GABAERGIC TERMINALS IN RAT 
HIPPOCAMPAL SYNAPTOSSOMES 
To further explore the findings from the previous task, the ratio of glycinergic vs 
GABAergic terminals was investigated in hippocampal synaptosomes. This was 




achieved, by immunostaining of GAD65 and GlyT2 with fluorescence labels. 
Synaptosomes are sealed presynaptic nerve terminals that hold all the necessary 
components to store, release and retain neurotransmitters. In addition, essentially all 
synaptosomes contain functional mitochondria (Kauppinen and Nicholls, 1986).  
The initial objective was to perform the pharmacological treatments in 
hippocampal slices with both drugs, thus acting on pre- and postsynaptic sites. However, 
the sinaptosomal fractions obtained from the treated hippocampal slices were highly 
contaminated with gliosomes. Since the whole approach was based on the assessment  
of GlyT2 expression in neurons and this protein is also expressed in astrocytes (Raiteri 
et al., 2008), this would alter the final experimental data and was consider not suitable 
for the study.  
 Therefore, the work was carried out using synaptosomes obtained directly from 
hippocampal homogenates, followed by the incubation with 20µM of SKF89976a (as 
optimized in Vaz et al., 2008) for 10, 20 and 30 minutes. 
The quantitative analysis was in agreement with what has been previously 
reported in the literature, related to the relative expression of GABAergic and 
glycinergic synapses in the brain (Kandel et al., 2000). In the non-treated synaptosomes, 
the results clearly show the predominance of GABAergic terminals (> 80%), when 
compared to both glycinergic and mixed terminals.  
The results also show a change, although not statistically significant, in the 
relative percentage of GABAergic, glycinergic and mixed terminals in treated 
synaptosomes when compared to non-treated ones. In particular, glycinergic and mixed 
terminals depicted a tendency to increase upon treatment with SKF89976a for 10 and 20 
minutes, and the percentage of GABAergic terminals tended to decrease. In spite the 
need to increase the number of experiments, these results are consistent with what was 
shown before. 
 
5.3. INTERACTION BETWEEN VESICULAR AND MEMBRANE GLYCINE TRANSPORTERS, 
GLYT2 AND VIAAT 
GlyT2 plays an important role in the recycling and refilling of synaptic vesicles 
and both VIAAT and GlyT2 cooperate to determine the glycinergic phenotype. 
Therefore, it was important to try to understand the relationship between these two 




Many fundamental aspects of the presynaptic contribution to the inhibitory 
phenotyps remain unclear. New and recycled synaptic vesicles are filled with high 
concentration of neurotransmitter by specific vesicular H
+
 antiporters (Sulzer and 
Pothos, 2000). Yet, despite the importance of this loading step for the completeness of 
vesicle recycling, little is known about its dynamics and the thermodynamics, kinetic 
and osmotic constraints that regulate the vesicular storage of neurotransmitters under 
physiological conditions. Although glycine is a ubiquitous intracellular metabolite, its 
basal synthesis cannot account for the 10- to 100-fold larger accumulation detected in 
glycinergic neurons (Daly, 1990). Thus, a local recapture is considered to be the main 
mechanism of glycine supply at terminals. In a model system of inhibitory transmission, 
it has been shown that the only requirement for glycine accumulation into vesicles is the 
coexpression of GlyT2 and VIAAT (Aubrey et al., 2007).  
Concerning the GABAergic system, GABA homeostasis in presynaptic 
terminals is dominated by the activity of the GABA synthesizing enzyme (GAD65) and 
GAT-1-mediated GABA transport contributes to cytosolic GABA levels. In fact, 
GAD65 may be anchored to synaptic vesicles by forming a complex, known to include 
the vesicular GABA transporter VIAAT, an integral membrane protein of synaptic 
vesicles responsible for their filling. This may provide a structural and functional 
coupling between synthesis and vesicular packaging of GABA. Interestingly, 
[
3
H]GABA newly synthesized from [
3
H]Glu by synaptic vesicles-associated GAD is 
taken up preferentially into vesicles over cytosolic GABA (Jin et al., 2003). 
Taking all these statements into account, it seemed interesting to explore a 
possible relationship between GlyT2 transported glycine and vesicle filling, as seen for 
GAD65 in the GABAergic system. Preliminary results point to a potential physical 
interaction between GlyT2 and VIAAT, but a truly accurate assessment of this finding 















6. GENERAL CONCLUSIONS 
The major objective of the present work was to investigate which are the 
mediators for the acquisition of a glycinergic phenotype. The characterization was 
performed by promoting the glycine-mediated transmission by blockade of components 
of the GABAergic system, followed by the evaluation of the consequences in the 
glycinergic transmission markers, namely GlyT2 and GlyR. That assessment was made 
by studying the protein expression, by western blot, and mRNA levels, by RT-qPCR, of 
the main GlyR subunits and GlyT2. Furthermore, the ratio of glycinergic vs GABAergic 
terminals, in insulted synaptosomes, was compared by immunofluorescence assays. 
Finally, a potential physical interaction between GlyT2 and VIAAT was explored by 
immunoprecipitation. 
In conclusion, this work strongly suggests that the loss of a functional 
GABAergic system leads to a compensatory mechanism, which recruits glycine-
mediated transmission markers, namely GlyT2 and GlyR. Moreover, the assessment of 
an interaction between the membrane and vesicular glycine transporters, GlyT2 and 
VIAAT, still not described, came to reinforce the important role of both transporters for 
the glycinergic transmission. 
One of the most pertinent issues that these results can raise is probably related to 
the physiological role of glycinergic transmission in the brain, where the inhibitory 
transmission is predominantly mediated by GABA. The discovery of the occurrence of 
mixed synapses in the brain, which allows the simultaneous release of both inhibitory 
neurotransmitters, contributed to the hypothesis of a possible joint action of GABA and 
glycine, leading to a more efficient and precise control of neuronal activity. Furthermore, 
the results presented along this study shows that the glycinergic transmission might be 
important upon the existence of a fault in GABAergic transmission, partially replacing 
it. However, at which level this compensation is enough to substitute GABA, still 
remains unknown. In addition, hypofunction of glycine signaling has been implicated in 
several pathologies such as neuromotor disorders or epilepsy and, recently, it was 
shown that some missense mutations in the gene encoding for GlyT2 cause 
hyperekplexia or startle disease in humans (Eulenburg et al., 2006). Therefore 
increasing the efficacy of inhibitory glycinergic neurotransmission would conceivably 
produce benefits in these disorders and it is reasonable to speculate that the modulation 
of GlyT2 activity might find therapeutic applications.  




Thereby, the work here described has increased the knowledge about the 
glycine-mediated transmission in the brain. Still, many questions remain unanswered 






















7. FUTURE PERSPECTIVES 
The study described in this thesis clarifies some details which involves the 
acquisition of glycinergic phenotype in the brain. However, further understanding of the 
role of glycine in the brain is necessary. So, following the work already done and 
presented here, a deeper characterization should be pursued in organotypic hippocampal 
slice cultures (OHSC). In these cultures, many of the intrinsic properties of the tissue 
are maintained, including important aspects of connectivity, and the morphological 
organization of the hippocampus is well preserved (Stoppini et al., 1991). There is still 
proliferation of granule cells, outgrowth and organization of axons and dendrites. Also 
maturation of synapses and receptors resembles those seen in vivo. Therefore, OHSC 
are valuable models to study changes in cellular and molecular levels upon 
pharmacological manipulations, in more physiological conditions. 
Studies in OHSC are imperative and will further increase the understanding 
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9.1. QPCR STANDARD AND MELTING CURVE ANALYSIS 
For the analysis of the transcript expression, it was used the Pfaffl relative 
quantification method. This method requires the crossing point (CP) determination 
indicated by the threshold (red line) in the normalized fluorescence vs cycle plot (panels 
A in each figure). CP is defined as the point at which the fluorescence rises appreciably 
above the background fluorescence. 5-fold serial dilutions of cDNA net solution were 
used to create a standard curve for each analyzed gene (β-actin, GlyT2, GlyRα1, 
GlyRα2, GlyRα3 and GlyRβ).The standard curves were created by plotting CP vs the 
log concentration of cDNA (ng/µL) (panels B). The parameters calculated using the 
standard curves are also indicated (panels C). The amplification efficiency for the Pfaffl 
relative quantification method, E (E = 10
(-1/slope)
), is calculated from the slope (m) of the 
standard curve and should present a value between 3.1 and 3.7. E(Corbett) is a 
parameter determined by the software which is a measure of the overall efficiency of the 
reaction and should present a value between 0.85 and 1.10. R
2
 value of a standard curve 
represents how well the experimental data fit the regression line; that is, how linear the 
data are. The assessment of the reaction specificity was also evaluated by melting curve 
analysis (panels D). The visualization of one single peak in the Derivate (dF/dt) vs 
Temperature plot indicates a specific amplification on the targeted gene. All plots were 
created using Corbett Software (Corbett Life Science). The following figures illustrate 
qPCR standards and melting curves analysis for each analyzes gene. 
 
Figure 22. qPCR standard and melting curves analysis for β-actin – endogenous control. (A) PCR amplification 
plot for the β-actin gene. (B) Standard curve created by plotting CP vs the log concentration of cDNA (ng/µL). (C) 
Parameters calculated using the standard curve. (D) Assessment of the reaction specificity by melting curve analysis. 
All plots were created using Corbett Software (Corbett Life Science). 
















Figure 23. qPCR standard and melting curves analysis for GlyT2. (A) PCR amplification plot for the GlyT2 gene. 
(B) Standard curve created by plotting CP vs the log concentration of cDNA (ng/µL). (C) Parameters calculated using 
the standard curve. (D) Assessment of the reaction specificity by melting curve analysis. All plots were created using 









Figure 24. qPCR standard and melting curves analysis for GlyRα1. (A) PCR amplification plot for the GlyRα1 
gene. (B) Standard curve created by plotting CP vs the log concentration of cDNA (ng/µL). (C) Parameters calculated 
using the standard curve. (D) Assessment of the reaction specificity by melting curve analysis. All plots were created 










Figure 25. qPCR standard and melting curves analysis for GlyRα2. (A) PCR amplification plot for the GlyRα2 
gene. (B) Standard curve created by plotting CP vs the log concentration of cDNA (ng/µL). (C) Parameters calculated 
using the standard curve. (D) Assessment of the reaction specificity by melting curve analysis. All plots were created 







Figure 26. qPCR standard and melting curves analysis for GlyRα3. (A) PCR amplification plot for the GlyRα3 
gene. (B) Standard curve created by plotting CP vs the log concentration of cDNA (ng/µL). (C) Parameters calculated 
using the standard curve. (D) Assessment of the reaction specificity by melting curve analysis. All plots were created 














Figure 27. qPCR standard and melting curves analysis for GlyRβ. (A) PCR amplification plot for the GlyRβ gene. 
(B) Standard curve created by plotting CP vs the log concentration of cDNA (ng/µL). (C) Parameters calculated using 
the standard curve. (D) Assessment of the reaction specificity by melting curve analysis. All plots were created using 
Corbett Software (Corbett Life Science). 
 
 
 
